The Drosophila melanogaster male-specific lethal (MSL) complex binds the single male X chromosome to upregulate gene expression to equal that from the two female X chromosomes. However, it has been puzzling that B25% of transcribed genes on the X chromosome do not stably recruit MSL complex. Here we find that almost all active genes on the X chromosome are associated with robust H4 Lys16 acetylation (H4K16ac), the histone modification catalyzed by the MSL complex. The distribution of H4K16ac is much broader than that of the MSL complex, and our results favor the idea that chromosome-wide H4K16ac reflects transient association of the MSL complex, occurring through spreading or chromosomal looping. Our results parallel those of localized Polycomb repressive complex and its more broadly distributed chromatin mark, trimethylated histone H3 Lys27 (H3K27me3), suggesting a common principle for the establishment of active and silenced chromatin domains.
Eukaryotic gene expression is influenced by the chromatin environment. The alteration of local and higher-order chromatin structure modulates the accessibility of DNA to the nuclear complexes that carry out processes such as transcription, DNA replication and DNA repair. A major class of chromatin regulators catalyzes the post-translational modification of histone proteins. Although their influence on gene expression through targeting to promoters is clearly established, we are only beginning to understand how histone modifications affect the formation and structure of chromatin domains 1 .
Dosage compensation, an essential process that equalizes the level of X-linked gene expression between males and females, is a model for studying chromosome-wide gene regulation. In D. melanogaster, dosage compensation is mediated by the MSL complex, which is composed of at least five MSL proteins (MSL1, MSL2, MSL3, Males absent on the first (MOF; also known as KAT8) and Maleless (MLE)) and two noncoding roX (RNA on X) RNAs 2 . MSL complex specifically recognizes hundreds of sites along the male X chromosome and upregulates transcription of X-linked genes approximately twofold.
High-resolution mapping studies support a two-step model for MSL targeting. In the first step, the MSL complex distinguishes the X from the autosomes by sequence-dependent recognition of a set of high-affinity sites on the X, known as chromatin entry sites (CES) 3, 4 . Subsequently, the MSL complex spreads to the middle and 3¢ ends of active genes on the X chromosome 5, 6 . Whereas MSL1 and MSL2 are essential for the MSL complex to recognize any sites on the X chromosome, MSL3, MOF and MLE are required specifically for MSL spreading from CES [7] [8] [9] . Spreading involves the recognition of general features of active genes, including the transcription-coupled H3K36me3 mark, and can occur in the absence of X-specific sequence elements [10] [11] [12] [13] . Although many transcribed genes clearly recruit MSL complex, it is difficult to define the total number of binding sites along chromatin. In three global analyses, a subset of transcribed genes did not stably recruit the MSL complex 5, 6, 14 . One study estimated that B25% of genes on the X chromosome bound by RNA polymerase II are not bound by MSL complex in embryos 6 . In our previous studies, we found that 73% of transcribed genes and 83% of H3K36me3-associated genes are bound by MSL complex, with an intermediate class that could not be unambiguously defined as bound or unbound 5, 11 . Thus, if the MSL complex is recruited to transcribed genes by recognizing features of active transcription, a key outstanding question is why B25% of these genes do not seem to recruit MSL complex. This is particularly important to understand in light of recent evidence that nearly all genes on the X chromosome undergo dosage compensation 15 .
The localization of MSL complex to the bodies of active genes also suggests that it regulates transcription elongation or the recycling of polymerase to the promoter for re-initiation 5, 6, 16 . Although it is unknown how the MSL complex upregulates transcription, the identification of MOF suggested a chromatin-based mechanism 17 . MOF is a MYST family histone acetyltransferase (HAT) that acetylates H4K16 (refs. 17-20) , a modification that is enriched on the male X chromosome 21, 22 . The catalytic activity of MOF is required for MSL spreading from CES and for the preferential enrichment of H4K16ac along the polytene male X chromosome 9 .
As true of many histone acetylation marks, H4K16ac stimulates transcription in vitro and in vivo 19, 23, 24 . However, H4K16 is distinct from other acetylated residues on the H4 tail in that it regulates a specific subset of genes in Saccharomyces cerevisiae, suggesting that the role of H4K16ac is not limited to charge neutralization of the N-terminal H4 tail redundantly with other acetylation marks 25 . One possibility is that H4K16ac also regulates the binding of chromatinassociated proteins. In favor of this idea, H4K16ac inhibits the binding of Sir3 and blocks the spread of heterochromatin in S. cerevisiae 26, 27 . In addition, H4K16ac antagonizes the activity of the ISWI family of ATP-dependent chromatin remodelers in vitro and in vivo [28] [29] [30] . Another consequence of H4K16ac is the decondensation of higherorder chromatin structure. H4K16ac inhibits the compaction of chromatin fibers and interfiber interactions to a similar extent as deletion of the entire H4 tail 30, 31 . Consistent with this observation, enrichment of H4K16ac on the D. melanogaster male X chromosome is associated with the diffuse morphology of this chromosome 21, 22 .
To investigate the consequences of MSL activity on the male X chromosome, we sought to map the distribution of H4K16ac at high resolution. Although H4K16ac colocalizes with the MSL complex at the cytological level 9, 22 , we have recently shown that higherresolution studies may reveal mechanistically important differences in binding patterns 11, 13 . Our findings indicate that, although the pattern of H4K16ac generally resembles that of the MSL complex at the molecular level, there are three key differences. First, nearly all active genes on the X chromosome show high levels of H4K16ac. Second, enrichment for H4K16ac is also associated with the remainder of the X chromosome, providing evidence for a global role for the MSL complex on the X. In both cases, our data suggest that H4K16ac deposition is the result of transient MSL complex association. Finally, we observe H4K16ac enrichment at the 5¢ ends of active genes on the X and on autosomes in both males and females, as reported recently [32] [33] [34] . Taken together, our data indicate that MOF activity is highly specific for the male X chromosome, whereas the general 5¢ H4K16ac mark may require the redundant action of multiple HAT enzymes.
RESULTS
H4K16ac is broadly associated with the male X We analyzed the distribution of H4K16ac in characteristically male SL2 cells by chromatin immunoprecipitation combined with microarrays (ChIP-chip). To achieve this we used antibodies specific for H4K16ac and NimbleGen arrays tiled at 100-bp resolution along the entire X chromosome and the left arm of chromosome 2 (2L). As expected, we observed preferential enrichment of H4K16ac over the Figure 1 H4K16ac is globally enriched along the male X. (a) The distribution of H4K16ac on the male X chromosome is broader than the distribution of the MSL complex. Active genes that lack stable MSL binding are associated with H4K16ac. ChIP-chip profiles for MSL3-TAP (from SL2 cells and male larvae 5, 11 ) and H4K16ac (from SL2 and Kc cells, male and female larvae), generated from NimbleGen tiling arrays, are shown for a representative region of the X chromosome. Genes are color-coded according to their transcription status (red, transcribed; black, untranscribed) as defined previously 5 . Genes on the top row are transcribed from left to right, and genes on the bottom row are transcribed from right to left. Numbers along the x axis denote chromosomal position along the X in base pairs. The y axis shows the ChIP signal expressed as the log 2 ratio of the amount of immunoprecipitate (IP) over input. (b,c) H4K16ac is enriched along most of the X chromosome relative to 2L and shows a bimodal distribution on the X. In contrast, MSL3-TAP enrichment is restricted to a smaller subset of probes on the X. The distribution of log ratios at all probes on the X (red) and 2L (blue) is shown for H4K16ac (b) and MSL3-TAP (c) ChIP signal in SL2 cells. The ChIP signal (x axis) is expressed as the log 2 ratio of IP DNA relative to input. (d,e) H4K16ac, like MSL3-TAP, is most highly enriched over actively transcribed genes on the X. The distribution of log ratios at all probes on the X chromosome, classified according to probes present in transcribed genes (TG, red), untranscribed genes (UTG, blue) and intergenic regions (IGR, orange), is shown for H4K16ac (d) and MSL3-TAP (e) in SL2 cells.
X chromosome (Fig. 1a) . Genes bound by the MSL complex in ChIPchip experiments, as defined in ref. 11 , are marked by a high H4K16ac ChIP signal. However, we also observed substantial enrichment of H4K16ac along the X chromosome at sites lacking MSL binding. Although the levels of the ChIP signal varied, the baseline level of H4K16ac was increased on the X relative to 2L, spanning both genes and intergenic regions. One recent study also noted the global enrichment of H4K16ac on the male X chromosome 34 , whereas another did not 33 , conceivably owing to decreased sensitivity of the ChIP assay and restriction of the analysis to the top 15% of bound probes ( Supplementary Fig. 1 ).
To examine the extent of H4K16ac on the X chromosome systematically, we compared its distribution over the X and 2L at the probe level. There is a clear shift in the baseline of H4K16ac on the X relative to 2L (Fig. 1b) , and B50% of the X chromosome is marked by H4K16ac ( Supplementary Fig. 2a ). In contrast, at the same cut-off, B20% of probes on the X chromosome were enriched by TAP-tagged MSL3, despite the broad pattern of MSL complex binding to the bodies of many transcribed genes on the X 5, 6 . Furthermore, we did not observe a shift in the peak of the distribution between the X and 2L for MSL3-TAP binding (Fig. 1c) , and we did not detect an increased baseline of H3K4me2 and H3K36me3 on the X 11 (data not shown), suggesting that this level of X chromosome enrichment is not a general feature of all histone modifications.
The distribution of H4K16ac on the X chromosome is bimodal (Fig. 1b) , indicating that there are two categories of sites on the X that are enriched for H4K16ac. We found that the X chromosome was generally characterized by an elevated baseline of H4K16ac; however, active genes showed the highest H4K16ac ChIP signals, consistent with the localization of MSL complex (Fig. 1d ,e, TG in red). It has been noted that B25% of active genes on the X chromosome do not clearly recruit the complex 5, 6, 11, 14 ( Supplementary Fig. 3a ). As we found that the MSL complex was not as broadly distributed as the histone modification that it deposits ( Fig. 1 and Supplementary Fig. 2a ), we asked whether H4K16ac generally marks active genes on the X chromosome. Indeed, almost all active genes on the X were associated with a high level of H4K16ac, above the elevated baseline of the X chromosome (Fig. 2a) . Similar to the MSL complex 5, 6 , H4K16ac enrichment was biased toward the middle and 3¢ ends of active genes on the X (Supplementary Fig. 3b ). Genes that lack detectable MSL binding, as defined in ref. 11 , also showed this 3¢ bias and were associated with a level of H4K16ac that was intermediate between that of untranscribed genes and MSL-bound genes ( Supplementary Fig. 3c,d ). Notably, we observed a modest enrichment of the MSL complex at these genes, indicating a low level of MSL occupancy that is near the detection limit of the assay. These findings suggest that these genes might be previously unidentified MSL targets that transiently recruit the complex. In this case, we would expect the loss of MSL complex to affect their dosage compensation. Depletion of msl2 by RNA interference (RNAi) resulted in the decreased expression of known MSL target genes on the X chromosome ( Fig. 2b , red) relative to genes on 2L (Fig. 2b, orange) . The expression of genes on the X that do not stably bind the complex was also reduced (Fig. 2b , blue), although this effect was not as strong as for MSL-bound genes. Taken together, these results suggest that recruitment of MSL activity may be a general property of transcribed genes on the X chromosome. Lower levels of H4K16ac along the X chromosome suggest that the MSL complex may also function globally along the X, thereby using a chromosome-wide mechanism to fine-tune transcription.
The MSL complex mediates global acetylation of the male X We next tested whether the MSL complex is responsible for H4K16ac at sites on the X lacking detectable MSL ChIP signal. We performed RNAi in SL2 cells targeting the core MSL2 subunit and the MOF HAT. Treatment with the msl2 RNAi resulted in B60-70% depletion of MSL2, and the mof RNAi reduced MOF levels more than 90%, compared to a nonspecific GFP RNAi control ( Supplementary Fig. 4 ). Despite efficient knockdown of MSL2 and MOF, we saw no reduction in cell viability following treatment with msl2 and mof RNAi, consistent with previous observations 35, 36 (data not shown).
We performed MOF, MSL2 and H4K16ac ChIP in RNAi-treated SL2 cells and analyzed samples by quantitative PCR (qPCR). From the ChIP-chip data sets, we selected four genes on the X chromosome that were highly enriched by H4K16ac but are clearly unbound by MSL complex (CG5613, CG13021, CG4949 and CG32523). Consistent with the microarray data, these loci were substantially enriched by H4K16ac but not by MSL2 or MOF in the control (Fig. 3a-c, red bars) . For comparison, known MSL target genes show appreciable levels of MSL2, MOF and H4K16ac.
MSL2 is required for the MSL complex to associate with the X chromosome by cytology 7 . Similarly, depletion of msl2 results in the loss of MSL2, MOF and H4K16ac at known targets to background levels ( Fig. 3a-c, blue bars) . In the absence of MOF, a core MSL complex is localized to CES but cannot spread beyond these sites 9 . As with msl2, depletion of mof reduced MSL2, MOF and H4K16ac ChIP at target genes ( Fig. 3a-c, yellow bars) . Although MSL2 remains at CES as predicted by cytology, the level of H4K16ac was reduced approximately 17-fold at roX2 following mof depletion. Notably, MSL2 and MOF are both required for H4K16ac at sites on the X that are not stably associated with MSL complex, demonstrating that MSL activity on the X is not restricted to the active genes where it is detectably bound. Instead, global H4K16ac on the X might reflect transient action of the MSL complex. Although stable binding of the MSL complex is not required, we propose that H4K16ac is reinforced by intermittent association of the MSL complex with these sites and is therefore sensitive to depletion of the MSL complex by RNAi. However, we cannot exclude the possibility that a second HAT that requires an intact MSL complex deposits H4K16ac at these sites.
Chromosome-wide acetylation of the male X in vivo To determine whether chromosome-wide acetylation of H4K16 is a general property of the male X, we performed ChIP-chip analysis of H4K16ac in third instar male larvae. As observed in SL2 cells, H4K16ac was more broadly associated with the male X chromosome than the MSL complex was, as assayed previously 11 , and showed a marked baseline shift relative to 2L (Figs. 1a and 4a and Supplementary Figs. 2b and 5a). In contrast, this was not observed in female larvae or 'female' Kc cells, which do not express the MSL complex ( Supplementary Fig. 6a ). Further characterization of H4K16ac on the X in male larvae revealed similar properties as were observed in SL2 cells. Active genes showed the highest levels of H4K16ac enrichment ( Fig. 4b and Supplementary Fig. 5b ), and H4K16ac was biased toward the middle and 3¢ ends of these genes ( Supplementary Fig. 5c ).
We next validated the enrichment of H4K16ac at sites lacking the MSL complex and tested its dependence on MOF. We performed H4K16ac ChIP in male larvae harboring the catalytically inactive mof 1 or the truncated mof 2 allele in the presence or absence of a 6.8-kb genomic mof + transgene that rescues the viability of adult males 9, 17 (Supplementary Table 1 ). H4K16ac was enriched at the MSL target gene CG13316 in the presence of the mof + rescue transgene, but was reduced to background levels in mof mutant males (Fig. 4c , compare red and yellow versus blue and purple bars). Although residual activity of the mof 1 allele was sufficient for H4K16ac at the roX2 CES (Fig. 4c , blue bar), acetylation at this site was reduced 2.5-fold in males harboring the stronger mof 2 allele (Fig. 4c, purple bar) . H4K16ac was also detected at genes on the X that do not stably bind the MSL complex and was lost in mof 1 and mof 2 males. Taken together with our observations in SL2 cells, these results further demonstrate that the Figure 4 Global H4K16ac on the male X in vivo. (a) H4K16ac is enriched along most of the X chromosome relative to 2L in male larvae. The distribution of log ratios at all probes on the X (red) and 2L (blue) is plotted for H4K16ac in male larvae. (b) As in SL2 cells, transcribed genes show the highest levels of H4K16ac in male larvae. The distribution of log ratios at all probes on the X chromosome, classified according to probes present in transcribed genes (TG, red), untranscribed genes (UTG, blue) and intergenic regions (IGR, orange), is shown. (c) MOF is required for H4K16ac in male larvae at sites on the X that lack detectable MSL3-TAP binding, as determined by ChIP-chip 11 . Male mof mutant larvae (blue, purple) and their wild-type brothers (red, yellow) were generated from mof + mothers. Known MSL targets (the roX2 chromatin entry site (CES) and CG13316 3¢ end) and autosomal genes served as positive and negative controls, respectively. We assayed four genes on the X that lack detectable MSL binding 11 MSL complex has two classes of targets on the male X chromosome; in addition to its known target genes, the MSL complex functions more generally to globally acetylate the male X chromosome.
Limited role for MOF in 5¢ H4K16ac
In agreement with recent reports [32] [33] [34] , we also detected a category of H4K16ac that was not restricted by sex or chromosome type (Figs. 1a  and 5a ). This modification was enriched over expressed genes on the X and 2L in female larvae and in Kc cells with a bias toward the 5¢ ends (Fig. 5b,c and Supplementary Fig. 6b,c) . Autosomal 5¢ H4K16ac was also detected in SL2 cells and male larvae ( Fig. 5a and Supplementary  Fig. 7 ). This pattern is reminiscent of the distribution of H4K16ac in human CD4 + T cells 37 and is distinct from H4K16ac in S. cerevisiae, which is generally excluded from the 5¢ ends of genes 38 . As 5¢ H4K16ac is not restricted to one sex, it is not expected to require the male-specific MSL complex. However, MOF is expressed in both males and females 17 and, in addition to its association with the MSL complex, MOF co-purifies with the non-specific lethal (NSL) complex, which is conserved between D. melanogaster and humans 39 . Therefore, one possibility is that MOF might mediate 5¢ acetylation as a part of the NSL complex. Although we did not observe reproducible enrichment of MOF at the 5¢ ends of transcribed autosomal genes by ChIP in SL2 cells ( Supplementary Fig. 8a ), this might result from a lower sensitivity of our MOF ChIP assay as compared to that of Kind et al. 33 .
To investigate the role of MOF in 5¢ H4K16ac, we tested the consequences of MOF depletion in RNAi experiments in SL2 cells. Whereas H4K16ac at MSL-bound genes on the X was reduced to background levels following mof depletion (27-fold to 47-fold), autosomal H4K16ac was only modestly affected (1.1-fold to 3.1-fold) (Fig. 6a and Supplementary Fig. 8b, red versus yellow bars) . Unexpectedly, we observed similar effects at the autosomal genes upon depletion of msl2 (Fig. 6a, blue bars) . Furthermore, H4K16ac remained at the 5¢ ends of MSL target genes on the X chromosome after msl2 and mof RNAi, despite strong depletion at the 3¢ ends ( Supplementary Fig. 8b ). The ChIP assay using an independent H4K16ac antibody yielded comparable results ( Supplementary  Fig. 8c ). Therefore, we conclude that MOF cannot be the only HAT that acetylates H4K16 at the 5¢ ends of these genes.
The modest effects of mof depletion on 5¢ H4K16ac in SL2 cells were not consistent with the ChIP results of Kind et al. 33 . Therefore, we turned to genetic mof mutants to address this question in vivo. We assayed H4K16ac at the 5¢ ends of autosomal genes in mof 1 and mof 2 mutant male larvae. Whereas 3¢-biased H4K16ac at MSL target genes on the X was greatly reduced in mof mutant males, autosomal sites of 5¢ H4K16ac persisted (Fig. 6b, red and Figure 5 Active genes on X and 2L are marked by 5¢ H4K16ac. (a) H4K16ac on active autosomal genes in males and females. ChIP-chip profiles for MSL3-TAP (from SL2 cells and male larvae 5, 11 ) and H4K16ac (from SL2 and Kc cells, male and female larvae) are shown for a representative region of chromosome 2L as in Figure 1a. (b) Transcribed genes on the X and 2L are enriched for H4K16ac in female larvae. The maximum H4K16ac ChIP signal for each gene in female larvae (y axis) on the X (left) and 2L (right) is plotted against its expression (in log scale) in SL2 cells 5 (x axis). (c) H4K16ac is biased toward the 5¢ ends of active genes in female larvae. A scaled average gene profile was generated for H4K16ac ChIP in female larvae over genes on the X (left) and 2L (right) ranked by expression quantiles from SL2 cells 5 .
yellow versus blue and purple bars), suggesting that MOF is not required for 5¢ H4K16ac at these loci in vivo.
Although the HAT domain is absent from the truncated MOF 2 protein, residual H4K16ac at the roX2 CES in mof 2 mutant males may reflect the activity of maternally deposited wild-type MOF. Therefore, we sought to perform ChIP assays in mof 1 and mof 2 mutant larvae lacking any maternal contribution of MOF. For this purpose, we needed homozygous mof mutant females to generate the desired progeny. We found that mof mutant females were viable, in contrast to their brothers, as expected 9, 17 (Supplementary Table 1 ). However, mof 2 females were developmentally delayed, a phenotype that was rescued by a wild-type mof + transgene ( Supplementary Fig. 9 ). Furthermore, mof 2 mutant females have markedly decreased fertility (data not shown), and we were not able to generate enough progeny for ChIP assays. These results suggest that MOF has a functional role(s) in females or that the truncated MOF 2 protein has dominant-negative effects. Male mof 1 larvae lacking maternal MOF were also difficult to obtain, but we were able to assay H4K16ac in mof 1 females in the absence of wild-type maternal MOF. We detected substantial enrichment of H4K16ac at the 5¢ ends of genes on the X and on autosomes in wild-type females (Fig. 6c, red bars) . We observed comparable levels of H4K16ac in mof 1 females, suggesting that MOF is not required for 5¢ H4K16ac at these genes in vivo (Fig. 6c, blue bars) . Taken together, our results suggest that MOF has, at most, only modest effects on 5¢ H4K16ac at the genes tested, in contrast to its highly specialized role on the male X. In humans, 5¢-biased H4K16ac is one mark of many that are present in a complex signature over the promoters and bodies of genes 37 . Given the density of enzymes that are recruited to create these patterns, we favor a model in which MOF functions redundantly with other HATs with overlapping substrate specificities to acetylate H4K16 at the 5¢ ends of active genes.
DISCUSSION
Nearly all genes on the X chromosome in the soma of the adult fly are dosage compensated 15 . Therefore, it has been puzzling that B25% of transcribed genes are not clearly bound by the MSL complex 5, 6, 11, 14 . Here our results provide an explanation. We find that almost all active genes on the X chromosome are associated with robust H4K16ac. The distribution of H4K16ac on the X chromosome is broader than the distribution of MSL binding, and the MSL complex is clearly required for this expanded H4K16ac domain. Therefore, MSL localization studies underestimate the number of MSL target genes on the X chromosome. Our results strengthen a model in which the MSL complex targets genes by recognizing features of active transcription 11 . In addition, our results support a model in which the MSL complex accounts for the majority of somatic dosage compensation in D. melanogaster.
These results begin to provide a molecular basis for previous cytological observations that the whole X chromosome has a distinct character from the autosomes. What is the impact of the strongly elevated baseline levels of H4K16ac on the male X chromosome? H4K16ac may promote an open chromatin structure by directly inhibiting the compaction of chromatin fibers 30, 31 . In addition, H4K16ac is known to antagonize the activity of the ISWI chromatin-remodeling enzymes [28] [29] [30] , and counteracting ISWI activity may increase chromatin accessibility, at least in part, through lowering incorporation of linker histone H1 (ref. 40) .
Consistent with a chromosome-wide increase in accessibility, the structure of the polytene male X is particularly sensitive to Figure 6 Limited role for MOF in 5¢ H4K16ac. The 3¢ ends of known MSL target genes and the roX2 chromatin entry site (CES) served as positive controls for H4K16ac ChIP in SL2 cells and male larvae. Primers were designed in the 5¢ ends of seven active genes on chromosome 2L that showed 5¢-biased H4K16ac enrichment in ChIPchip experiments. The HBS1 (chromosome 3L) P2 primer set was used to examine 5¢ H4K16ac in a previous study 33 . perturbation, because mutation of numerous chromatin regulators causes this chromosome to take on a short and bloated appearance (see refs. 41-43 for examples). Overexpression of MSL1 and MSL2 in males results in a similar X chromosome morphology 44 . Increased accessibility across the male X might facilitate MSL spreading to active genes and promote the recruitment of additional trans-acting factors involved in dosage compensation. For example, highresolution mapping of the histone variant H3.3 in SL2 cells and the heterochromatin protein HP1 in adult flies has revealed preferential enrichment on the male X 45, 46 . This may reflect a role for these factors in fine-tuning expression of X-linked genes or, alternatively, may simply be a manifestation of the increased accessibility of this chromosome. A future goal will be to discriminate the primary causes of dosage compensation from potential downstream effects that might result from a chromosome-wide increase in accessibility.
Previously, a redistribution model was proposed to explain cytological evidence that MOF and H4K16ac staining on all chromosomes in females appears brighter than on autosomes in males 47 . According to this model, the MSL complex specifically sequesters MOF to the X chromosome in males to decrease autosomal gene expression. The possibility that MOF regulates 5¢ H4K16ac throughout the genome might be compatible with such a model 33 . However, our findings support a limited role for MOF in autosomal H4K16ac, suggesting that the transcriptional consequences of MOF redistribution would be limited. On the other hand, we discovered that females carrying a premature stop codon in the mof gene suffer developmental delay and poor fertility. Although these phenotypes could be due to dominant-negative effects of the truncated MOF 2 protein, they might reflect a non-sex-specific role for MOF. Although we cannot rule out the possibility that MOF is essential for 5¢ H4K16ac at a subset of loci, it could also be required to regulate chromatin processes outside of transcription or to acetylate nonhistone targets in D. melanogaster. MOF is essential for embryogenesis in mice 48, 49 and has been implicated in cell-cycle progression 50, 51 and the DNA damage response 52 in mammals, with evidence for some H4K16ac-independent functions 51, 53 . Therefore, the potential effects of competition between various roles that MOF may have in D. melanogaster will be the subject of continuing debate.
The principal question raised by our work is: how does the MSL complex deposit H4K16ac at sites on the X where it is not stably bound? The detection of domains of histone modification that are broader than the localization of the modifying enzyme itself has been reported previously [54] [55] [56] [57] [58] . We favor the idea that the modification reflects transient association of the MSL complex, for example by rapid scanning or looping 59 . A similar 'hit and run' mechanism has been proposed to explain the activity of the histone methyltransferase E(z) in D. melanogaster, as E(z) is bound specifically at Polycomb response elements, but the H3K27me3 modification that it deposits is found in broad domains [54] [55] [56] [57] . Our results analyzing MSL deposition of the H4K16ac activation mark strongly parallel those of the Polycomb repressive complex, suggesting that similar principles govern chromosome spreading and domain organization in active and repressed regions of the genome.
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